Introduction
A significant effort has been devoted to the development of new biosensors for the detection of biologically important species (e.g. glucose). Enzyme utilization in biosensors can provide selective, rapid and easy detection for use in clinical applications and research. 1, 2 Glucose is one of the most important analytes in the clinical field, particularly to determine accurate therapeutic treatments of diabetes. 3 Glucose sensors modified with glucose oxidase (GOx) have been extensively researched to improve their performance. 4, 5 For constructing enzyme sensors, mediators are often used for shuttling electrons between the enzyme cofactor (e.g. FAD) and the electrode. 6 Metallic compounds, such as ferrocene, ruthenium complexes, and osmium complexes, have been widely used as mediators due to their high chemical stability and rapid electron-transfer rate. [7] [8] [9] [10] [11] Since tris-bipyridine osmium complexes have higher self-electron transfer rates than ruthenium complexes and ferrocene compounds, their uses for amperometric biosensors have been shown to provide high sensitivity and low interference effects in biological samples. 12, 13 However, the immobilization methods and specific complex composition can significantly affect the enzyme sensor performance.
The immobilization of enzymes and mediators on the surface of electrodes has been performed by electrochemical polymerization, 14, 15 the formation of a gel polymer, 16, 17 and the formation of a self-assembled monolayer. 18 An advantage of electropolymerization is the controlled formation of a polymer film while entrapping biomolecules to form the biologically active site of enzyme sensors. Furthermore, electropolymerization provides gentle entrapment in the polymer matrix, which does not disrupt the biologically active conformation of enzymes. Pyrrole compounds have been widely used as a material for electropolymerization.
Recently, mediator-pyrrole complexes have been proposed for fabricating reagentless enzyme sensors in which both the enzyme and the mediator are simultaneously immobilized on the surface of the electrodes. 19 We have previously developed and studied Os-py in conjunction with the immobilization of enzymes for preparing glucose sensors. 20, 21 In this research, we synthesized several Os-pys, which were [Os(bpy)2(py (4) A glucose sensor was developed by electrocopolymerization using pyrroles containing a tris-bipyridine (bpy) osmium complex (Os-py), pyrrole (py), pyrrole propanoic acid (PPA) and glucose oxidase (GOx) to improve the key performance characteristics, such as the sensitivity, selectivity, and long-term stability. Tris-bipyridine osmium pyrrole complexes with four different methylene moieties were utilized to correlate the methylene length with the glucose sensor performance. The electrocatalytic response of glucose was clearly observed at electrodes modified with Os-py, except for the electrode immobilized with the Os-py complex containing the shortest methylene moiety. The current response to glucose increased up to a concentration of 100 mmol dm -3 . The electrocatalytic response to glucose at the [Os(bpy)2(py(6)-bpy)] 2+/3+ /py/PPA/GOx electrode was stable for more than 100 days. Dissolved oxygen and potential interference compounds (ascorbic acid, uric acid, and acetaminophen) minimally perturbed the current response to glucose at the [Os(DM-bpy)2(py(6)-bpy)] 2+/3+ /py/PPA/GOx electrode. Based on these results, a longer methylene moiety appears to improve the performance characteristics of a glucose sensor fabricated via the electropolymerization of trisbipyridine osmium pyrrole complexes. compared to other Os-py compounds. However, the long-time stability of the response was found to be only ten days. Therefore, the structure of the Os-py affects the performance, such as the sensitivity and the long-time stability of the pyrrolemodified sensors. On the other hand, the effect caused from the structure of Os-py to the performances, such as its long-time stability and selectivity, has not been known. In relation to this topic, Yasuzawa et al. has reported that the performance of the glucose sensor prepared with gluconyl containing pyrroles having 6 methylene length of the N-derivatized group was better than that with a 3 methylene chain. 22 In the case of developing a biosensor for detecting biological compounds, concomitant compounds, such as ascorbic acid, urea, uric acid and so on, in biological samples often cause serious interferences due to their direct oxidation on the electrode surface. The redox potential of mediator for the biosensor affects interfering level from concomitant compounds. 12 Thus, it is desirable to use the mediators with a low redox potential because the direct oxidation of these compounds in this analytical condition is significantly observed at higher potentials than 300 mV vs. Ag/AgCl. The redox potential of osmium complexes are controllable to be low by introducing the electron-donating groups, such as the methyl group and the amino group into the bipyridine of the Os(bpy)3 because the back donation effect from the electron-donating groups to the bipyridine. 12 In this work, the primary aim for using these pyrroles, which were [Os(bpy)2(py (6) 2+/3+ . Furthermore, to ascertain the function in a complex biological sample, the developed glucose sensors were used to determine the glucose concentration in bovine serum.
Experimental

Reagents
GOx (EC 1.1.3.4 Type X-S: from Aspergillus niger), DM-bpy and pyrrole were purchased from Sigma-Aldrich (USA). D(+)-Glucose and bpy were obtained from Kanto Kagaku (Japan). Py(6)-bpy and py(4)-bpy were synthesized in this laboratory. PPA was synthesized according to a reported procedure using 1-(2-cyanopropyl) pyrrole purchased from Tokyo Chemical Industries (Japan). 23 A stock glucose solution (500 mmol dm -3 ) was prepared in a 0.067 mol dm -3 phosphate buffer solution (PBS), pH 7.0, containing 0.1 mol dm -3 NaCl and stored at 4˚C before use. All analytical solutions were prepared with ultrapure water.
Synthesis of the pyrroles containing a tris-bipyridine osmium complex
The py(n)-bpys were synthesized with 1-(n-bromoalkyl)-pyrrole and 4,4′-dimethyl-2,2′ bipyridine through the Grignard reaction. 21 Pyrroles containing the tris-bipyridine osmium complex, ([OsL2(py(n)-bpy)] 2+/3+ Cl2; L represents bpy or DMbpy), were synthesized according to a method described by Maruyama et al. 21 In the first step, [OsL2(py(n)-bpy)] 2+/3+ (PF6)2 was prepared by mixing py(n)-bpy and OsL2Cl2. 24 After that, [OsL2(py(n)-bpy)] 2+/3+ Cl2 was obtained by an anion-exchange treatment.
Apparatus
Electrochemical polymerization and measurements were carried out with a BAS CV-50W electrochemical analyzer (Bioanalytical Systems, Inc.). The electrochemical cell was composed of an Ag/AgCl saturated KCl reference electrode, a platinum wire counter electrode and a platinum or glassy carbon (GC) working electrode (inner diameter of electrode; 3.0 mm). Prior to use, the working electrode was sequentially polished with 6 μm and 1 μm of diamond slurry and 0.05 μm alumina slurry. After trace alumina on the surface of the electrode was removed by water and cleaned by ultrasonication, the condition of the electrode surface was checked by cyclic voltammetry with a 1.1 mmol dm -3 potassium ferricyanide solution containing 0.1 mol dm -3 NaCl.
Preparation of working electrode
Preparation of the working electrode was performed according to a previous report. 25 A polished Pt electrode was cleaned by electrochemical etching in 0.5 mmol dm -3 H2SO4 by cycling the electrode potential between -200 and 1400 mV vs. Ag|AgCl until a reproducible cyclic voltammogram was obtained. A pH 7.0 phosphate buffer solution of a pyrrole containing trisbipyridine osmium complex (0.5 mmol dm -3 ), PPA (10 mmol dm -3 ), pyrrole (2.5 mmol dm -3 ), KCl (0.1 mmol dm -3 ) and GOx (1.0 mg dm -3 ) was placed in an electrochemical cell. Dissolved oxygen was removed from the solution by purging with N2 gas. An [OsL2(py(n)-bpy)] 2+/3+ /py/PPA/GOx film was electropolymerized on a clean Pt electrode by scanning the electrode potential between -400 and 1200 mV for 100 cycles under a N2 atmosphere.
Throughout this work, the [OsL2(py(n)-bpy)] 2+/3+ /py/PPA/GOx electrode was referred as an OsL2(py(n)-bpy) electrode. The modified electrode was washed with distilled water and stored in pH 7.0 PBS at 4˚C until its use.
Electrochemical measurement
All of the electroanalytical experiments were performed by using the potentiostat a BAS-100B/W (BAS Inc.) equipped with a three-electrode system. All of the potentials were referred to an Ag/AgCl electrode.
Before the electrochemical measurement, N2 gas was thoroughly passed into the sample solution, and then, the flow of nitrogen gas was maintained over the solution during the measurement.
The cyclic voltammograms were recorded at scan rate of 20 mV s -1 . The applied potential in the experiment of the interference of concomitant compound was set at 550 mV vs. Ag|AgCl with an Os(bpy)2(py(6)-bpy) electrode and 450 mV with an Os(DMbpy)2(py(6)-bpy) electrode. 
Results and Discussion
Electrochemical properties of Os-py
The mediation effects of the Os-py's were examined in a nonimmobilized system by cyclic voltammetry. Measurements of the non-immobilized system were performed in a solution of 1.0 mg dm -3 GOx and 0.5 mmol dm -3 Os-py with a bare GC electrode. Figure 2 shows voltammograms at the electrode in the non-immobilization system with and without glucose. The Os-py effectively functioned as a mediator, since the electrocatalytic oxidation current was obviously observed with adding glucose. The electrochemical parameters of the Os-py's obtained by these experiments are listed in 2+/3+ was shifted toward a negative potential at 450 mV. The lower shift of the redox potential for the [Os(DMbpy)2(py(6)-bpy)] 2+/3+ is most likely due to a back-donation effect from the methyl groups to the bipyridine. 12 The Nernstian difference between the redox potential peaks (ΔE about 70 -90 mV) and the even distribution of the reduced and oxidized species seen in the cyclic voltammogram indicates a reversible, or semi-reversible one-electron transfer reaction.
Performance characteristics of the Os-py modified working electrodes
Polypyrrole films composed of Os-py, pyrrole propanoic acid (PPA), pyrrole (py) and GOx were immobilized on Pt electrodes by electrocopolymerization. The PPA and py were added to improve the hydrophilic properties and the degree of polymerization for the electropolymerized polymer. 21 Figure 3 shows the cyclic voltammogram in the presence or absence of glucose at the Os(bpy)2(py(6)-bpy) electrode. The increase in the electrocatalytic current was observed upon the addition of glucose to the sample solution. The electrocatalytic responses at the Os(bpy)2(py(4)-bpy) and Os(DM-bpy)2(py(6)-bpy) electrode were similar to that of the Os(bpy)2(py(6)-bpy) electrode. Electrocatalytic currents were absent from electrodes where GOx was not immobilized with Os-py. Because both the tris-bipyridine osmium complex and GOx were required to observe the electrocatalytic currents, the transfer of electrons between GOx and the electrode was mediated by the trisbipyridine osmium complex.
The long-term stability of the Os-py modified electrode was examined by measuring the current response at a 550 mV applied potential. In the experiment, the electrode was tested in a 20.0 mmol dm -3 glucose solution with 0.1 mol dm -3 NaCl, and stored in pH 7.0 phosphate buffer at 4˚C between the measurements. The result is given in Fig. 4 . The relative response at a Os(bpy)2(py(6)-bpy) electrode was maintained at 90% for over 100 days, while the response of a Os(bpy)2(py(4)-bpy) electrode decreased to 40% after 20 days. The shorter methylene group of the Os(bpy)2(py(4)-bpy) electrode may cause inadequate entrapment and thus, the loss of the enzyme from the loose polymer network during storage. The loss of glucose oxidase from a pyrrole polymer network has been observed in the case of using pyrrole for the entrapment of GOx. 26 Similar phenomena were observed on a GOx immobilized electrode prepared by the electropolymerization of pyrrole derivatives containing a gluconyl terminal group at the 1-position. 22 It is well known that the electroconductivity of pyrrole polymer is lowered by introducing a substituent at the 1-position of pyrrole, and a substituent with a longer methylene chain normally leads to a lower conductivity polymer. However, the existence of a bulky substituent close to the pyrrole ring interrupts the planar structure of the π-conjugated pyrrole rings of the polymer, which prevents an increase of the polymerization degree of the obtained polypyrrole. Therefore, the separation of the pyrrole ring and the bulky osmium complex by the introducing a methylene chain with a certain length, relieves the formation of a planar structure of the pyrrole ring and leads to an increase of the electroconductivity and the polymerization degree of the enzyme immobilizing polymer.
A calibration plot for glucose at an Os(bpy)2(py(6)-bpy) electrode is shown in Fig. 5 , including a Lineweaver-Burk plot (inset). The calibration plot indicates a response of the Michaelis-Menten type in the concentration range from 0 to 100 mmol dm -3 for glucose. The Michaelis-Menten constants (Km app ) for Os(bpy)2(py(4)-bpy), Os(bpy)2(py(6)-bpy) and Os(DM-bpy)2(py(6)-bpy) electrodes were 27.1, 27.8, and 21.8 mmol dm -3 , respectively.
The effect from interference compounds and an application to a bovine serum sample For a mediator-type enzyme sensor, oxygen often competes with a mediator as an electron donor. The interference effect of oxygen was determined by measuring the current response in an oxygen-saturated solution versus that in a nitrogen-saturated solution. The relative error at the Os(bpy)2(py(6)-bpy) electrode was 6%. The interference from dissolved oxygen at the Os-py modified electrode was suppressed, compared to the relative error observed at the bis-bipyridine osmium complex-modified electrode. The high electron-transferring rate of the trisbipyridine osmium complex in the Os-py could provide the suppression of interference from oxygen. 13 The potential interference responses were checked in the presence of concomitant compounds (typical in the biological samples) and glucose at the Os-py modified electrodes. The concentrations of the interference compounds were adjusted to the physiological maximum concentration in human serum. In this study, the relative error was estimated boned on the current response at 5.6 mmol dm -3 of glucose. The data are given in Table 2 . The relative error at the Os(DM-bpy)2(py(6)-bpy) electrode was 3% for ascorbic acid, 9% for uric acid, and 11% for acetaminophen. The responses from the interference compounds observed at the Os(DM-bpy)2(py(6)-bpy) electrode were slightly lower than that at the Os(bpy)2(py(6)-bpy) electrode, although the maximum response (Vmax) of glucose at the [Os(DM-bpy)2(py(6)-bpy)] 2+/3+ electrode was 2.0 μA, and was lower than that at the [Os(bpy)2(py(6)-bpy)] 2+/3+ electrode (2.5 μA). Therefore, the low redox potential of the [Os(DMbpy)2(py(6)-bpy)] 2+/3+ compared with that of the [Os(bpy)2-(py(6)-bpy)]
2+/3+ could provide the suppression of interferences of the direct oxidation generated at a relatively high potential.
The Os(bpy)2(py(6)-bpy) and the Os(DM-bpy)2(py(6)-bpy) electrodes were used to measure the glucose concentration in a bovine serum sample (Nippon Biotest Laboratories Inc.). The determined values in this work were 5.96 and 4.44 mmol dm -3 for an Os(bpy)2(py(6)-bpy) electrode and Os(DM-bpy)2(py(6)-bpy) electrode, respectively. The value obtained at the Os(DMbpy)2(py(6)-bpy) electrode was in good agreement with the recommended value (4.55 mmol dm -3 ) estimated from the manufacturer. The lower redox potential of the Os(DMbpy)2(py(6)-bpy) electrode was effective in eliminating the interference response for a more accurate glucose determination in a biological sample.
Conclusions
We have developed and characterized a glucose sensor using Os-pys. In this work, we showed that Os-py is effective as a mediator and an immobilization matrix for glucose oxidase, compared to the bis-type osmium complex immobilized electrode, because of the relative high electron transferring rate. The length of the methylene chains between the tris-osmium complex and the pyrrole contributed to the long-term stability for this electrode. It is proposed that these effects were due to the polymerization process of the polypyrrole chain. The potential control using the Os(DM-bpy)2(py(6)-bpy) was effective in reducing interferences from the concomitant compounds. It is expected that osmium complexes having a lower redox potential than Os(DM-bpy)2(py(6)-bpy) would also be useful for reducing interference from the concomitant compound. The incorporation of amino or dimethylamino groups will give the osmium complex a large shift toward a negative potential, since the groups have a large back donation effect of the π electron to the bipyridine group of the osmium complex. 
